Objective: Analyzing HIV care service targets for achieving a national goal of a 25% reduction in annual HIV incidence and evaluating the use of annual HIV diagnoses to measure progress in incidence reduction.
In 2010, the White House published the National HIV/ AIDS Strategy (NHAS), which included the goal of reducing annual HIV incidence by 25% by 2015 [3] . In 2015, the White House published an updated NHAS with HIV prevention and care goals to be achieved by 2020 [4] . Because of challenges in estimating HIV incidence, a 25% reduction in the annual number of new diagnoses compared with 2010 replaced, and was meant to serve as a proxy for, the 25% targeted reduction in incidence. The rationale for using data on new diagnoses for the goal was that they are routinely reported to CDC's National HIV Surveillance System, are available on the national as well as the local level, and are more current than data on HIV incidence [3, 4] . Incidence estimates require statistical modeling techniques that may vary over time and generate results that may not be available in a timely manner [4] .
The 2015 update proposed national HIV prevention goals for year 2020 for increasing the proportion of persons living with HIV (PLWH) who achieve each step of the HIV care continuum including: increasing the percentage of PLWH with diagnosed HIV to 90%, increasing the percentage of persons with newly diagnosed HIV who are linked to care within 1 month of diagnosis to 85%, and increasing the percentage of persons living with diagnosed HIV who have suppressed viral loads to 80%. The equivalent values in year 2010 were 85, 82, and 33%, respectively [5] .
Although these specific continuums of care goals were proposed, it is possible that numerous combinations of targets for increasing percentage diagnosed, linkage to care, and viral load suppression could generate a 25% decrease in HIV incidence or annual diagnoses. Understanding which combinations of targets would achieve the goals for decreasing incidence or diagnoses may be useful for decision makers and program directors who must decide how best to allocate HIV prevention resources. The use of new diagnoses as a proxy for new infections has also been debated and merits further analysis [6] .
Methods
We used the Progression and Transmission of HIV/AIDS (PATH 2.0) model of HIV in the United States to set the continuum of care targets, percentage of PLWH with diagnosed HIV, percentage of newly diagnosed linked to care, and percentage of persons living with diagnosed HIV who have viral suppression from antiretroviral therapy (ART), to be achieved by 2020 and to simulate the outcomes, reductions in new infections and new diagnoses, from 2010 to 2020. PATH 2.0 is an agent-based stochastic simulation that individually tracks HIV-infected persons, simulating HIV disease progression through a health-state transition model and sexual transmissions of HIV through a novel evolving dynamic transmission model. Details of the model are presented elsewhere [7] þ cell count at diagnosis for each simulation run, we also extracted the median CD4 þ cell count at diagnosis among all persons with HIV diagnosed in 2020 in the simulation run. These data enabled us to estimate the CD4 þ cell count required at diagnosis in 2020 to achieve the corresponding combination of percentages diagnosed, linked to care, and with viral suppression that would generate the target outcomes. From the estimated CD4 þ cell counts at diagnosis, we derived the median years from infection to diagnosis by assuming a median of 1.2, 4.2, and 7.9 years from seroconversion to CD4 þ cell counts dropping to less than 500, less than 350, and less than 200 cells/ml, respectively, without ART [9] .
We applied regression modeling to the simulated results from PATH to generate three meta-models, one each for percentage reduction in annual infections and annual diagnoses, as well as one for the CD4 [10] . To generate each meta-model, we evaluatedm j ¼ f ðD; V ; LÞ, taking f(D,V,L) to be equations with linear (e.g., D), quadratic (e.g. D
2 ), and interaction (e.g., DV) terms to fit an equation, that is, solve for the coefficient values (b i ), for each term i that would minimize P N¼40 j¼1 ðm j Àm j Þ 2 , where m j is the outcome of interest generated from PATH for a specific combination(j) of D, V, and L, andm j is the outcome of interest calculated using the meta-model equation for the same combination of D, V, and L. We used the optimization toolbox in the MATLAB software to solve for b i s. We then used the meta-models to directly calculate the outcome measures for any given combination of D, V, and L, even those outside of the 40 combinations simulated.
We simulated each of the 40 scenarios (combinations of D, V, and L) 35 times to estimate the 10th, 50th, and 90th percentile values of the outcome variables, and fit metamodels for each. We used the fitted meta-models with the 50th percentile values to generate contour graphs of the reduction in annual infections and diagnoses for all possible combinations of percentages diagnosed, linked to care, and with viral suppression. For each combination, we indicated the associated median CD4
þ cell count at diagnoses required to achieve the goal. We validated the meta-model by randomly selecting 40 additional samples and comparing the simulated results with results from the meta-models (see Appendix, http://links.lww.com/ QAD/B167).
Results
Variations in the percentage of persons with newly diagnosed HIV who were linked to care within 1 month from 80 to 95% had little effect on the model's simulated number of annual infections or diagnoses. Therefore, we fixed the proportion linked to care at 85%, which is close to the 82% linkage to care reported by HIV surveillance data for 2011 and consistent with the 2015 and 2020 national HIV prevention goals.
Multiple combinations of percentage diagnosed and percentage with viral suppression generated the prevention goal of a 25% reduction in annual HIV infections by 2020 ( Fig. 1 , Table 1 ), and there is a trade-off between percentage diagnosed and percentage with viral suppression to achieve this goal. For example, the goal could be achieved when 85% of PLWH had their infection diagnosed by 2020, and 68% (63-71%) of those with diagnosed HIV had achieved viral suppression (Fig. 1 , point A; Table 1 , Scenario 1). This combination is equivalent to infections being diagnosed at a median CD4 þ cell count of 372 cells/ml (348 to 397 cells/ml) in 2020, that is, diagnosis would need to occur approximately 3.8 years R cell counts at diagnosis (shaded contours). VLS, Viral load suppression. Note: The percentage of those linked to care within 1 month of diagnosis is fixed at 85%. At basecase, that is, year 2010, 85% were diagnosed and 33% among diagnosed had viral suppression.
had their infection diagnosed, meeting the 25% reduction in new infections target would require only 59% (54 to 62%) of those diagnosed to achieve viral load suppression (Fig. 1, point Different combinations of percentage diagnosed and percentage with viral suppression also generated outcomes that fell short of or exceeded the prevention goal of a 25% reduction in annual infections (Fig. 2, Table 2 ). For example, if 90% of persons with HIV had their infection diagnosed in 2020 but only 34% of persons with diagnosed HIV had achieved viral load suppression, there would be no reduction in annual infections in 2020 compared with 2010. If 90% were diagnosed and 44% of the diagnosed had achieved viral suppression, then the reduction in annual infections would be 10%. If 90% were diagnosed and 73% had achieved viral suppression, there would be a 40% reduction in annual infections, exceeding the prevention target by 15% points.
In contrast to achieving the goal of a 25% reduction in annual infections, where increases in percentage diagnosed could be offset by decreases in percentage with viral suppression, achieving and maintaining the 2020 national HIV prevention goal of decreasing new diagnoses by 25% required that increases in percentage diagnosed be accompanied by increases in percentage with viral suppression (Fig. 1) . For example, when 85% of infections were diagnosed, then 78% (72-83%) of persons with diagnosed HIV had to achieve viral load suppression (Fig. 1, point D HIV had to achieve viral load suppression (Fig. 1 , point C; Table 1 , Scenario 4). Figure 1 indicates only one combination of percentages diagnosed and viral suppression that achieved both a 25% reduction in new infections and new diagnoses (Fig. 1, point E) .
The 2020 prevention goal of decreasing annual diagnoses by 25% could result either from reducing annual infections, so that there are fewer infections to diagnose, or by reducing testing activity. Point B in Figure 1 illustrates that if 90% of infections were diagnosed and 59% of those with diagnosed infections achieved viral load suppression, there would be a 25% reduction in annual infections. However, that combination resulted in only a 4% reduction in new diagnoses ( 
Discussion
We have estimated the extent to which, by 2020, PLWH would have to have their infections diagnosed, persons who receive a diagnosis would have to be linked to care, and persons living with diagnosed HIV would have to achieve viral suppression to achieve the national goals of 25% reductions in annual HIV incidence and diagnoses. We found that as long as at least 80% of persons who received a diagnosis of HIV were linked to care, that factor contributed little to reductions in new HIV cases, and that numerous combinations of percentages of persons with diagnosed infection and persons with viral suppression could achieve a 25% reduction in annual infections. Corresponding to each combination of percentage of persons with diagnosed infection and percentage with viral suppression, we also have presented the median CD4 þ cell counts at diagnosis and length of time from infection that diagnosis would have to occur. These measures together can help health departments fine tune their prevention efforts. Specifically, ( 1) The length of time since infection that diagnosis should occur and the percentage with viral suppression relate to changes needed in testing programs (such as altering testing frequency, as shorter length of times to diagnosis indicate more frequent testing) and retention in care programs (such as promoting ART retention and adherence), respectively. The trade-off in these measures indicates that more modest increases in testing programs to increase diagnosis will require more solid advances in retention in care programs to increase viral load suppression and vice versa. The decision on what combination to choose can be based on costs and population compliance to these interventions.
Combinations of interventions for HIV reduction Gopalappa et al. 2537 Table 2 . Combinations of percentages of persons living with HIV with diagnosed infection and persons living with diagnosed HIV who have viral load suppression to achieve 0, 10, 25, 40 and 50% reductions in annual HIV infections by 2020.
Percentage with viral suppression among persons with diagnosed HIV for x% reduction in new infections
Percentage of PLWH with diagnosed infection
Note: The percentage of those linked to care within 1 month of diagnosis is fixed at 85%. PLWH, persons living with HIV.
(2) The targeted median CD4 þ cell counts at diagnoses and percentage with viral suppression can be dynamically compared with most current values of these measures in the population, which are monitored annually through HIV surveillance, to determine program expansion. Targeting higher median CD4 þ cell counts means that testing efforts must be improved so that diagnosis occurs closer to the time of infection. Targeting higher percentage viral load suppression means retention in care programs should improve so that treatment adherence increases.
Our model employs 2010 baseline estimates for percentage diagnosed, linked to care, and viral suppression, consistent with the timeframes for achieving reductions by 2020. The most recent national estimates for those HIV continuum-related targets are 85% diagnosed (2014), 82% linked to care in 3 months (75% in 1 month) (2014), and 58% of those with diagnosed infection with viral suppression (2014), indicating continuing progress toward meeting the prevention goals [11] . Recent CDC estimates indicate a 14% reduction in annual infections from sexual transmissions between 2008 and 2014 and a 5% reduction in new diagnosis between 2010 and 2014 [12, 13] . Among the scenarios we simulated, the closest to these 2014 continuum targets was the scenario with 83% diagnosed and 51% with viral suppression in 2014, which generated a 10% reduction in new infections between 2008 and 2014, and a 4% reduction in new diagnosis between 2010 and 2014 (results not shown).
Assuming that the proportion of those living with HIV with diagnosed infection will continue to be maintained at 85% through 2020, our model suggests that viral load suppression among 68% of those with diagnosed HIV (linearly scaled-up from 2010 to 2020) would be sufficient to achieve the 25% reduction in incidence by 2020. On the other hand, an 80% target for viral load suppression by 2020, consistent with prevention goals, combined with 85% diagnosis, would achieve a 36% reduction in incidence. Meeting both the prevention goals of an 80% target for viral load suppression and a 90% target for diagnosis by 2020 would achieve a 47% reduction in incidence.
We found that higher proportions of PLWH who had their infection diagnosed translated into higher median CD4 þ cell counts at diagnosis, or the occurrence of diagnosis closer to the time of infection. Achieving this result could include identifying high-risk groups who typically receive a diagnosis later in the course of their infection, that is, with lower CD4 þ cell counts at the time of diagnosis, and devising strategies to test those groups more frequently or more comprehensively. In 2014, among persons with diagnosed HIV in 27 states and the District of Columbia, 24.4% had CD4
þ cell counts at 500 cells/ml or above at diagnosis, 31.7% had counts at 200-499, 22.7% had counts of 200 cells/ml or below, and 21.2% did not have data on CD4 þ cell count at the time of diagnosis [14] . Our analysis suggests that diagnosis at median CD4 þ cell counts between 370 and 470 cells/ml would be needed to diagnose 85 to 90% of infections among all PLWH.
We found that reductions in annual HIV diagnoses did not usually equate to reductions in annual HIV infections. Reductions in annual diagnoses can occur even as annual infections are increasing if less testing occurs, and increases in annual diagnoses can occur even while annual infections are declining if testing increases. Diagnoses may only be a good proxy for infections when diagnosis occurs almost immediately after infection [15] . New methods for estimating HIV incidence may in the future make these estimates more readily available for measuring progress in HIV prevention [2] .
Although a recent study estimated the effects on HIV incidence of reaching specific NHAS HIV continuum targets related to diagnosis/awareness of infection, linkage to care and maintenance in care [16] , our focus on combinations of the continuum strategies of diagnosis, linkage to care, and viral load suppression that would achieve the NHAS goal of a 25% reduction in incidence provides flexibility in considering how to reduce incidence. Communities that already have achieved the targeted levels of diagnosis may choose to focus their resources on prescription of and adherence to ART, and vice versa.
Our model is subject to certain limitations. The sexual behavior data are subject to reporting bias, given that most of these data are self-reported. Additional bias could result from integrating data from independent surveillance systems, which have varying definitions for many variables, particularly those reflecting HIV-infected persons' movement along the continuum of care. We did not include sexual transmissions to or from persons who inject drugs, and did not consider spatial differences in care and behavior. This could have resulted in smaller or larger transmission rates for MSM and heterosexuals because we do not know how many transmissions in these groups resulted from sexual mixing with persons who inject drugs. In addition, PATH 2.0's transmission modeling technique of building partnerships of HIVinfected persons over time, unlike traditional individualbased techniques of modeling all infected and uninfected persons, is subject to a small margin of error [7] . As in any model, because of the dynamic nature of infectious diseases, the impacts of the same strategy could vary over time as the baseline values change. We used baseline estimates up to 2010, which were the latest estimates available at the time of the study, and we assumed that scale-up occurred linearly through 2020. Finally, to produce analytical equations for the relevant measures, we tested regression models that only had terms up to degree 2, for example, D 1 , D 2 , and not of higher orders, for example, D 3 , D 4 .
In conclusion, our model of sexual transmissions of HIV in the United States indicates that a 25% reduction in incidence by 2020 can be achieved through attainment of multiple combinations of goals related to diagnosis and viral load suppression. Achieving the reduction will require a focus on getting highest risk groups tested early in the course of their infection and linking them to care. And it will require high rates of ART prescription soon after diagnosis and high, sustained adherence to ensure that most PLWH achieve and maintain viral suppression. However, lesser success in achieving viral suppression may be offset by greater improvement in increasing the percentage of persons whose HIV is diagnosed. Health departments can measure their progress toward reducing incidence by monitoring local HIV surveillance data trends in CD4 þ cell count at diagnosis along with the proportion who have achieved viral suppression and determine where best to focus local programmatic efforts.
